The influenza virus is a significant public health concern causing 250,000 -500,000 deaths worldwide each year. Its ability to change quickly results in the potential for rapid generation of pandemic strains for which most individuals would have no antibody protection. This pandemic potential highlights the need for the continuous development of new drugs against influenza virus. As an essential component and well established virulence determinant, NS1 (nonstructural protein 1) of influenza virus is a highly prioritized target for the development of anti-influenza compounds. Here, we used NMR to determine that the NS1 effector domain (NS1 ED ) derived from the A/Brevig Mission/1/1918 (H1N1) strain of influenza (1918 H1N1 ) binds to two previously described anti-influenza compounds A9 (JJ3297) and A22. We then used X-ray crystallography to determine the three-dimensional structure of the 1918 H1N1 NS1 ED . Furthermore, we mapped the A9/A22-binding site onto our 1918 H1N1 NS1 ED structure and determined that A9 and A22 interact with the NS1 ED in the hydrophobic pocket known to facilitate binding to the 30-kDa subunit of the cleavage and polyadenylation specificity factor (CPSF30), suggesting that the two compounds likely attenuate influenza replication by inhibiting the NS1 ED -CPSF30 interaction. Finally, our structure revealed that NS1 ED could dimerize via an interface that we termed the ␣ 3 -␣ 3 dimer. Taken together, the findings presented here provide strong evidence for the mechanism of action of two anti-influenza compounds that target NS1 and contribute significant structural insights into NS1 that we hope will promote and inform the development and optimization of influenza therapies based on A9/A22.
to undergo antigenic shift via reassortment of its segmented genome renders its hosts constantly vulnerable to potentially pandemic strains. Every year unique strains of influenza cause seasonal outbreaks that result in over 200,000 hospitalizations (1) and ϳ35,000 deaths (2) in the United States alone. Currently, the effort against influenza is primarily composed of preventative vaccines and antiviral drugs (3) . Although these methods have been successful, high mutation rates among circulating strains are limiting the efficacy of currently approved therapeutics in both categories. For example, vaccination strategies have been effective in decreasing the number of infections and fatalities caused by influenza. However, rapid evolution of these viruses can lead to the appearance of novel strains that render current vaccine strategies ineffective (4, 5) . This situation occurred in 2009 when it took several months to manufacture an effective vaccine to the pandemic H1N1 strain (termed "swine flu") that infected ϳ60 million individuals, resulting in more than 12,000 deaths worldwide (6) . The severity of this situation highlights the need for effective antiviral treatments to impede the spread of novel strains for which vaccination is not a viable option.
Currently available antiviral strategies for the treatment of influenza infection include two distinct classes of antiviral compounds. Adamantanes, including amantadine and rimantadine, inhibit the activity of the influenza M2 ion channel, preventing release of the genome from the endosome. Additionally, neuraminidase inhibitors such as oseltamivir and zanamivir inhibit influenza replication by preventing release of viral particles from the infected cell membrane. Although these antivirals can be quite effective in preventing the replication and spread of influenza, viral resistance is an ongoing issue. Resistance to both classes of influenza antivirals has been reported, with high levels of such resistance rendering adamantanes ineffective (7) . Viral mechanisms of resistance to oseltamivir have also been described in certain strains of the influenza A virus (IAV) 2 (8, 9) . In fact, 98% of the 2009 seasonal H1N1 influenza strains were resistant to oseltamivir, a neuraminidase inhibitor, and over 90% of all circulating viruses in 2005 were resistant to amantadine, the M2 ion channel inhibitor (7, 10 -15) . This demonstrates the continual need for the development of novel antiviral compounds for use against potentially resistant strains.
One potential target for the development of novel anti-influenza compounds is NS1 (nonstructural protein 1). NS1 is a 215-237-amino acid protein encoded by the eighth segment of the influenza virus genome and is expressed at high levels during infection (16 -18) . The NS1 protein consists of two independently folding, functional domains: the RNA-binding domain (NS1 RBD ; residues 1-73) and the effector domain (NS1 ED ; residues 86 -205). Its primary function is to counter the host innate immune response to infection primarily by antagonizing the type I interferon (IFN) response. NS1 accomplishes this by interacting with a multitude of host factors in different cellular compartments and at different times during infection. Some of these interactions include RIG-I (19, 20) , TRIM-25 (21) , PKR (22) , PI3K (23) , and CPSF30 (24 -26) . NS1's multifunctional role during infection makes it essential to the survival and adaptability of the influenza virus (27) . Therefore, NS1 is a high-value target for the development of the antiviral compounds that could control the replication and spread of the influenza virus (28) .
Interest in developing NS1 antagonists as anti-influenza inhibitors has increased in recent years (28) . In 2006, the CPSF30 (the 30-kDa subunit of the cleavage and polyadenylation specificity factor)-binding site on the NS1 ED was identified as a potentially effective target for antiviral drug development after a cell line stably expressing a small protein fragment derived from CPSF30 (F2F3) was shown to be highly resistant to the replication of influenza A virus (29) . Additionally, these cells produced significantly more IFN-␤ mRNA compared with infected control cells (29) . In 2009, a yeast-based screen was used to identify small molecules that target NS1 function with the goal of identifying potential inhibitors of influenza replication (30) . Briefly, Ward et al. (31) demonstrated that expression of NS1 in Saccharomyces cerevisiae was toxic and led to a "slow growth" phenotype in the S. cerevisiae expressing the NS1. Using this phenotype, Basu et al. (30) created a yeast strain expressing NS1 from A/WSN/33 under control of the GAL1 promoter. Small molecules were screened for their ability to inhibit NS1 function, thereby rescuing growth kinetics back to WT levels. This screen was successful and led to the identification of four compounds shown to inhibit influenza replication in tissue culture (30) . One of these small molecules (NSC125044) was subsequently used as the basis for synthesizing additional small molecules with the goal of increasing the efficacy of NSC125044 as an inhibitor of influenza replication. The two most promising compounds synthesized were A9 (JJ3297), with an EC 50 of 0.8 M (32), and A22, determined to be ϳ10 times more potent than A9 (33) . In particular, A22 is capable of inhibiting the replication of influenza by up to 3 orders of magnitude and its activity depends upon a functional IFN response pathway, consistent with its presumed function as an NS1 inhibitor (32, 33) .
Although these compounds represent a significant step in the field of NS1 inhibitors, there is a pressing need to understand the specific mechanism by which these compounds function. To identify the mechanism of action of these inhibitors, we used an NMR technique known as chemical shift perturbation (CSP) (19, 34) . This method has been used in the past to successfully identify binding interfaces between two proteins, as well as between proteins and small molecules. Here we present structural and biophysical evidence that both compounds interact with the NS1 ED derived from the A/Brevig Mission/1/ 1918 (H1N1) strain of influenza (1918 H1N1 ). Additionally, we show that this interaction is conserved in the NS1 ED derived from the A/Shanghai/1/2013 (H7N9) strain of influenza (2013 H7N9 ), suggesting that these compounds or others like them may hold broad-spectrum therapeutic potential. To provide structural context to the interaction between A22 and the NS1 ED s, we solved a high-resolution structure of the NS1 ED from the 1918 H1N1 strain of influenza for residue specific mapping of our measured CSPs. This structure adopts a homologous fold when compared with NS1 ED from other strains of influenza; however, our structure revealed a novel homodimer. By mapping the CSPs observed onto our newly solved structure of the 1918 H1N1 NS1 ED , we conclude that the A22 compound interacts with the known CPSF30-binding pocket. Our results provide a potential mechanism of action of these novel compounds and highlight their potential to be further developed as effective antiviral compounds.
Results
Although successful in identifying small molecules capable of inhibiting influenza replication, the mechanism of action for these compounds was never determined, thereby hindering efficient optimization by structure-based drug design. We sought to use an NMR technique known as CSP to determine the precise interface of interaction between each small molecule and NS1. We expressed both the NS1 RBD (residues 1-73) and the NS1 ED (residues 86 -205) to determine the amenability of both domains for this type of NMR analysis. The 1 H-15 N heteronuclear single quantum coherence (HSQC) spectra show a dispersed single set of peaks, which is indicative of a well folded protein ( Fig. 1 ). In both spectra, the expected number of amide resonances (excluding prolines) are visible in addition to amides from the side chains of glutamine and asparagine. Importantly, we introduced a previously described (35, 36) tryptophan to alanine mutation at amino acid 187 (W187A) in the effector domain construct to increase its solubility and prevent dimerization. Previous studies have shown that although this mutation inhibits dimerization, the overall fold of the monomeric unit of NS1 ED is unaffected. All forthcoming references to the NS1 ED constructs used in this study contain this muta- 
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tion. These data indicate that the 1918 H1N1 NS1 RBD and NS1 ED are amenable to analysis by NMR.
A9 and A22 show structural homology to a known binding partner of NS1
A close inspection of these compounds (Fig. 2) reveals an intriguing structural similarity to a fragment of CPSF30, a known binding partner of the NS1 ED . CPSF30 is responsible for 3Ј end processing of host mRNAs in the nucleus (24) . By sequestering CPSF30, NS1 prevents maturation and nuclear export of host mRNAs, resulting in a global down-regulation of host gene expression (37) . Previous studies have demonstrated that this interaction is necessary for NS1's ability to antagonize the host IFN response (24, 26, 37, 38) . Each compound is composed of a phenyl ring along with a hydroxyphenyl group (A9) or an aminophenyl group (A22) that have extraordinary structural similarity with phenylalanines 98 and 102 of CPSF30. Analysis of the structure of the NS1 ED bound to CPSF30 indicates that these phenylalanine side chains are buried within a hydrophobic pocket of the NS1 ED (Fig. 2) (26) . This led us to hypothesize that A9 and A22 block influenza viral replication and NS1 function by interfering with the interaction of NS1 ED with CPSF30.
Molecular docking was subsequently employed to determine whether this hypothesis was credible. Docking experiments were performed using Autodock Vina (39) . For these experiments we used the NS1 ED from the A/Puerto Rico/8/1934/ H1N1 (PR8) strain of influenza and the A22 and A9 compounds modeled in Autodock Tools. We obtained binding energies for both A9 and A22 complexed with the PR8 NS1 ED containing the W187A mutation (PDB code 3RVC) ( Fig. 3) . The docking results we obtained appeared to be in broad agreement with previously published docking data (40) (Fig. 3) . The results of the docking models support our hypothesis that A9 and A22 bind to the NS1 ED in the canonical CPSF30-binding region ( Figs. 2 and 3 ). Importantly, we repeated the docking of A9 and A22 with Trp-187 modeled back into the PR8 NS1 ED structure (data not shown). We found that Trp-187 participates in astacking with the phenyl ring of both small molecules. We note that our constructs, which require the Trp-187 mutation to make the NS1 ED amenable to NMR, would theoretically exhibit decreased affinity for A9/A22 because of the absence of this stacking.
A22 interacts with the CPSF30-binding pocket of the 1918 NS1 ED
To experimentally determine whether A9 and A22 interact with the NS1 ED CPSF30-binding pocket, we used an NMR technique called chemical shift perturbation. Briefly, NMR chemical shifts are exquisitely sensitive to their surrounding chemical and electronic environments. This method relies on acquiring a 1 H-15 N HSQC spectrum of the NS1 ED alone and in the presence of the ligand of interest. By identifying residues whose chemical shifts are perturbed upon the addition of a ligand, we can determine protein-ligand interaction sites with atomic resolution (34). This resolution is made possible by obtaining resonance assignments for the 1 H-15 N cross-peaks of the HSQC using three-dimensional NMR experiments such as the HNCACB and CBCA(CO)NH ( Fig. 4 ). High quality triple-resonance spectra allowed backbone resonance assignments to be obtained for 99 of the 116 (85.3%) possible assigned residues (excluding prolines). The residues that we are unable to assign are likely in intermediate exchange, because the NS1 ED is known to undergo dynamic motions on this timescale (41) . Backbone resonances for the 1918 H1N1 NS1 ED have been deposited in the Biological Magnetic Resonance Bank (accession number 27539). Analysis of the 13 C ␣ chemical shifts indicates that the 1918 H1N1 NS1 ED is composed of seven ␤-strands and three ␣-helices (42) , which is consistent with the previously solved solution structure of the NS1 ED derived from the Udorn 1972 strain of influenza (43) .
Upon addition of the A22 compound, perturbations were observed for multiple residues when compared with the reference 1 H-15 N HSQC spectra of the 1918 H1N1 NS1 ED alone ( Fig.  5 ). However, no perturbations were observed in the 1 H-15 N HSQC spectra of the 1918 H1N1 NS1 RBD upon addition of A22 (data not shown). The weighted 1 H and 15 N chemical shift differences observed in the 1918 H1N1 NS1 ED were plotted as a function of residue position. To ensure appreciable chemical shifts, we used an excess of the A22 compound relative to the concentration of the 1918 H1N1 NS1 ED (molar ratio of 5:1). We 
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observed multiple statistically significant perturbations upon addition of A22 to the 1918 NS1 ED (Fig. 5 ). The cutoff value used to determine statistically significant CSPs (2 0 corr ) was calculated using an established method for discriminating between interacting and noninteracting residues (44) . The amide resonances that showed the largest CSP (4 0 corr ) included 
Arg-118, Val-111, and Gln-109, members of the ␤-2 and ␤-3 strands that make up the CPSF30-binding pocket. Phe-103, a residue upon which CPSF30 binding is contingent (26, 38, (45) (46) (47) (48) , also exhibited shifts above 4 0 corr . Other statistically significant CSPs exhibiting shifts above 4 0 corr include Lys-108, Gln-109, Lys-110, Ala-112, Gly-113, Ile-117, Met-119, Asp-120, Gln-121, Ala-122, Ile-123, Ile-160, Thr-170, Ala-177, Val-178, Val-180, Gly-183, Gly-184, Leu-185, Asn-188, and Asp-189, most of which are located within the ␤-2,3 strands or the ␣-2 helix that comprise the CPSF30-binding pocket (26) . These results demonstrate that A22 indeed interacts with the 1918 H1N1 NS1 ED CPSF30-binding pocket, suggesting that this interaction may be the mechanism by which A22 inhibits NS1 function and IAV replication. Similar CSPs were observed upon the addition of A9, but the magnitude of these CSPs were lower ( Fig. 5 ).
A22 interacts with the A/Shanghai/1/2013 NS1 ED in a similar manner
While demonstrating that the interaction between A22 and the NS1 ED from a highly virulent strain such as the 1918 H1N1 was important for understanding its anti-influenza properties, we also wanted to demonstrate its broad potential as an IAV inhibitor. Since 2013, a novel influenza virus of avian origin (2013 H7N9 ) has circulated in China, resulting in over 1500 human infections with a 40% mortality rate (Centers for Disease Control and Prevention) (65) . There are significant differences between the NS1 of this strain and the 1918 H1N1 NS1 (Fig.  6) , as well as most other NS1s. We therefore used the same methodology detailed above to identify the binding interface between the small molecule A22 and the NS1 ED of the 2013 H7N9 strain of influenza (83.4% identical to 1918). The construct used for the 2013 NS1 ED studies included the same modification (the W187A mutation) that was used in the 1918 NS1 ED construct. Backbone resonance assignments were obtained for 94 of the 115 (81.7%) possible assigned residues and have been deposited in the Biological Magnetic Resonance Bank (accession number 27541). Analysis of the 13 C ␣ chemical shifts indicates that the 2013 H7N9 NS1 ED is composed of seven ␤-strands and three ␣-helices (42), identical to the secondary structural composition of the 1918 H1N1 NS1 ED .
Upon addition of the A22 to the 2013 H7N9 NS1 ED sample, perturbations for multiple residues were observed when comparing this 1 H-15 N HSQC spectra to the 2013 H7N9 NS1 ED alone. Interestingly, the CSPs observed for the 2013 H7N9 NS1 ED had significant overlap with resonances observed to undergo perturbations identified for the 1918 H1N1 NS1 ED (Fig. 6 ). Lys-108, Gln-109, Lys-110, Ile-117, Arg-118, Met-119, Asp-120, Gln-121, Ala-122, Ile-123, Ile-160, Ala-177, and Gly-184 experienced significant chemical shift perturbation as in 1918 H1N1 NS1 ED . Other statistically significant CSP included Leu-115, Glu-186, and Ala-187. This suggests that A22 can interact with NS1s from diverse strains of IAV and may provide broad-spectrum protection, highlighting its potential to be further developed as an effective antiviral compound.
In addition, we used chemical shift perturbation to determine the K d of the interactions between A22 and both the 1918 H1N1 and 2013 H7N9 NS1 ED s (49). The measured K d values for A22 binding were 425 Ϯ 225 and 475 Ϯ 218 M for the 1918 H1N1 and 2013 H7N9 NS1 ED s, respectively (Fig. 7) . These values suggest a relatively weak interaction, yet this was expected because of the potential effects of the necessary W187A mutation discussed previously.
High-resolution crystal structure of the 1918 H1N1 NS1 ED
To provide structural context for the interaction discovered herein, we solved a 1.9 Å resolution crystal structure of the 1918 NS1 ED (Table 1) . Our structure has the typical fold associated with previously solved NS1 ED s from different strains of influenza (35, 36, 50 -52) . Specifically, there are three ␣-helices and seven ␤-strands that form a twisted, antiparallel ␤-sheet that surrounds a long, central ␣-helix (␣2) (Fig. 8) . Atomic coordinates and structure factors have been deposited in the PDB (code 6DGK). Interestingly, the asymmetric unit of the crystal structure contains two monomers (Fig. 8 ). This was unexpected because we incorporated a W187A mutation into our expression construct to prevent dimerization of the protein. This is a common modification made for structural studies of the NS1 ED Figure 6 . NMR chemical shift perturbations reveal an interaction between the 2013 H7N9 NS1 ED and A22. A, sequence alignment of the NS1 ED derived from the 1918 H1N1 and 2013 H7N9 strains of influenza. B, 1 H-15 N HSQC spectra of the 2013 H7N9 NS1 ED with residue-specific assignments indicated. C, overlay of 1 H-15 N HSQC spectra of the 2013 H7N9 NS1 ED (black) and 2013 H7N9 NS1 ED after adding A22 indicated in red. D, chemical shift perturbations were quantified and plotted on a preresidue basis A22. The dotted lines represent the calculated 2 0 corr and 4 0 corr cutoffs indicated. Residues experiencing shifts greater than 4 0 corr are in dark blue (A22), whereas those experiencing shifts greater than 2 0 corr but less than 4 0 corr are indicated in light blue. Secondary structure predicted using Wishart Analysis indicated above quantified chemical shift plot.
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because the dimerization of the WT protein can present solubility issues. Interestingly, the interaction between the monomers in the asymmetric unit of our structure has not been observed in any previous NS1 ED structures (Fig. 9 ). Other structures have displayed the "helix-helix" dimer (52, 53) and the less common "strand-strand" dimer (51) . However, dimerization of the NS1 ED in our structure appears to be dependent on the burial of Trp-203 in the hydrophobic pocket formed by the ␣ 2 and ␣ 3 helices and ␤ 7 strand of the opposing monomer ( Figs.  8 and 9 ). Because Trp-203 is on ␣ 3 , we have termed this novel NS1 ED dimeric interaction the "␣ 3 -␣ 3 dimer." To further characterize this dimeric interaction, we calculated the buried surface area for each dimeric interface using the PDBe Protein Interfaces, Surfaces, and Assemblies (PISA) web service (54) . We determined that the buried surface area for the ␣ 3 -␣ 3 dimer (638.0 Å 2 ) is comparable with the helix-helix dimer (596.8 Å 2 ) and the strand-strand dimer (629.7 Å 2 ). Further studies aimed at determining the presence of this potential dimeric interaction in solution are needed to understand any functional consequences during infection.
We mapped perturbations that were greater than 4 0 corr onto our newly solved structure of the 1918 H1N1 NS1 ED (Fig. 10) . This analysis revealed that A9 and A22 bind to the 1918 H1N1 NS1 ED in the same location as the F2F3 portion of CPSF30 (26) . This suggests that the mechanism by which A22 inhibits influenza replication is by interfering with the interaction between NS1 and CPSF30. Furthermore, mapping our 2013 H7N9 NS1 ED / 
A22 CSP data onto the 1918 H1N1 NS1 ED crystal structure indicates a high degree of overlap with the 1918 H1N1 NS1 ED CSP data, indicating that A22 also binds the 2013 H7N9 NS1 ED in the CPSF30-binding pocket. Taken together, these findings suggest that A22 could serve as a broad-spectrum inhibitor of multiple strains of influenza.
Discussion
Here we have identified a potential mechanism by which two anti-influenza compounds inhibit the activity of NS1 and thereby inhibit the replication of IAV. We show that A9 (JJ3297) and A22 bind to the CPSF30-binding pocket of the NS1 ED from both the 1918 H1N1 and the 2013 H7N9 strains of IAV. This binding event could obstruct NS1's interaction with host CPSF30, an interaction responsible for NS1's ability to block global host gene expression including genes involved in the host interferon response. In addition, we have solved a 1.9 Å crystal structure of the 1918 NS1 ED and identified a novel interface through which dimerization of this domain could occur. This finding reinforces the importance of this interaction as a target for anti-influenza drug development (28, 29) and highlights the potential for further optimization of A9 and A22. Furthermore, our results suggest that the efficacy of these compounds could be broadly specific against many strains of IAV.
The significant efficacy with which A9 and A22 inhibited the replication of IAV in vitro was originally demonstrated using the A/Puerto Rico/8/1934 H1N1 (PR8) mouse adapted strain of IAV (33) . Interestingly, PR8 NS1 contains two mutations (F103L and M106I) that decrease CPSF30 binding affinity and is thus unable to properly control host gene expression (37, 55) . This could suggest that even the relatively low levels of CPSF30 binding retained by PR8 NS1 are sufficient to support the replication of the virus. Additionally, CPSF30 binding by NS1 may impart some other unknown benefit to the replication of IAV such as proper subcellular localization or increased association with host RNAs. Moreover, there may be other NS1-host interactions that are dependent upon the same pocket in which CPSF30 binds. A previous study has identified Trp-187, a residue buried within the CPSF30-binding pocket of the dimerized NS1 ED , as an important residue contributing to NS1's ability to bind dsRNA (43). NS1's dsRNA-binding activity is essential for shielding IAV from the activation of 2Ј-5Ј oligo(A) synthetase/ 6DGK) . B, the helix-helix dimer found in the Udorn 1972 NS1 ED crystal structure (PDB code 3EE9). C, the strand-strand dimer found in the PR8 1934 NS1 ED crystal structure (PDB code 2GX9).
Figure 10. CSPs induced upon addition of the compound reveal that A22
binds in the CPSF30-binding pocket of the NS1 ED . A, residues known to play a role in CPSF30 binding are yellow. B, perturbations measured for 1918 H1N1 NS1 ED upon addition of A22 are mapped onto the 1918 H1N1 NS1 ED crystal structure. Residues with shifts greater than 4 0 corr are indicated in red, residues known to play a role in CPSF30 binding in yellow, and residues with shifts greater than 4 0 corr and known to play a role in CFSP30 binding are indicated in orange. C, perturbations measured for 2013 H7N9 NS1 ED upon addition of A22 are mapped onto the 1918 H1N1 NS1 ED crystal structure. Residues with shifts greater than 4 0 corr are indicated in blue, residues known to play a role in CPSF30 binding in yellow, and residues with shifts greater than 4 0 corr and known to play a role in CFSP30 binding are indicated in green. D, overlay of perturbations found for 1918 H1N1 NS1 ED and 2013 H7N9 NS1 ED upon addition of A22 mapped onto the 1918 H1N1 NS1 ED crystal structure. Perturbations found in both strains are indicated in purple.
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RNase L pathway (56) . Interestingly, it is this pathway on upon which the anti-influenza activity of A9 was shown to be dependent (32) . This highlights a potentially alternative or complementary mechanism for the anti-influenza activity of A9 and A22 and provides a foundation for the design of new antivirals that could inhibit similar pathways.
Full-length NS1 exists as a dimer in solution, stabilized by a strong self-association of its N-terminal RBD (43, 50) . However, the nature of dimerization of the effector domain in solution is not completely understood. Some studies have suggested that the helix-helix dimerization of the NS1 ED occurs at high protein concentrations and can lead to oligomerization of fulllength NS1 (41, 43) , but the affinity and specificity of this dimerization in a biological setting is not established. It is possible that the NS1 ED samples multiple dimeric interfaces during infection and that the ␣ 3 -␣ 3 dimer that we observe could be involved. In fact, previous crystal structures and 19 F NMR data have demonstrated conformational heterogeneity in the orientation of the helix-helix interface, suggesting that NS1 ED dimerization is dynamic in nature (35, 41) .
In summary, we have identified the NS1 ED -binding interface for two potent anti-influenza compounds and confirmed their interaction with the NS1 ED from two divergent strains of IAV. We further identified this interface as the CPSF30-binding pocket, an important functional interface for the NS1 ED . Finally, we solved a crystal structure of the 1918 H1N1 NS1 ED and identified a novel potential dimerization interface within the NS1 ED . Together, these data shed light on important questions regarding the continued development of new anti-influenza antiviral drugs and the structural characteristics driving the function of NS1.
Experimental procedures

Cloning, mutagenesis, protein expression, and purification
The effector domains of the A/Brevig Mission/1/1918 H1N1 (1918 NS1 ED ) and A/Shanghai/1/2013 H7N9 (2013 NS1 ED ) NS1 gene were subcloned into a His 6 -SMT3 fusion T7 expression vector (pE-SUMO; Life Sensors) using primers designed to amplify residues 86 -205 of full-length 1918 and 2013 NS1 plasmids (Biomatik). Site-directed mutagenesis was then performed using primers designed to introduce the W187A mutation into each plasmid. This modification was made to increase protein solubility for NMR and X-ray crystallography. These expression plasmids were transformed into DE3 Star BL21 Escherichia coli cells and grown in minimal medium supplemented with 15 NH 4 Cl and/or D-glucose (U-13 C 6 -99%) depending on the desired labeling scheme. NS1 ED cultures were induced at an A 600 0.6 with 1 mM isopropyl ␤-D-1-thiogalactopyranoside for 48 h at 16°C. The cells were lysed in buffer containing 20 mM HEPES, 500 mM NaCl, 15 mM imidazole, 5 mM DTT, and 0.25 mg/ml lysozyme (lysis buffer) via sonication. Clarified lysates were loaded onto a cOmplete His-tag purification column (Roche), and protein was eluted using lysis buffer with 250 mM imidazole. The His 6 -SMT3 tag was then removed by the recombinant SUMO protease, leaving no extraneous residues on the N terminus. Finally, the samples were re-loaded onto the cOmplete His-tag purification columns to separate the cleaved tag from the desired protein. Buffer exchange was accomplished via size exclusion chromatography using the Hi-Prep 26/60 Sephacryl S-100 HR (GE). Typical yields were 20 mg/liter with Ͼ99% purity, as verified by SDS-PAGE (data not shown).
X-ray crystallography and structure determination
The purified 1918 NS1 ED was subjected to numerous commercially available crystallization screens. Diffraction quality crystals were obtained using hanging-drop vapor diffusion in a solution (pH 6.8) of 30% PEG (molecular weight 3350) and 0.2 M diammonium tartrate. Crystals were cryo-cooled in the same conditions. X-ray diffraction data were collected with native protein crystals at the Advance Photon Source, SER-Cat Beamline 22-ID. Raw intensity data were processed with the HKL2000 software package (57) . The initial electron density map was generated via molecular replacement using the previously solved structure of the PR8 NS1 ED (PDB code 3RVC) with PHASER (58). The structure was then iteratively refined with PHENIX (59) and Coot (60) . All figures were created using PyMOL (61) .
NMR spectroscopy
NMR experiments were carried out at 25°C using Bruker Avance III spectrometers equipped with TCI cryoprobes operating at 600 and 850 MHz 1 H frequencies. All NMR data were processed using NMRPipe (62) and analyzed using NMRView (63) and CARA compiled on Linux workstations. Backbone 1 H, 15 N, and 13 C resonances were assigned using standard tripleresonance assignment experiments: HNCACB and CBCA-(CO)NH (64) . CSPs were assessed using 1 H-15 N HSQC spectra. For these experiments, we collected 1 H-15 N HSQC spectra from the NS1 ED of interest in the unbound state and in the presence of A9 or A22. When comparing the two spectra, the changes in chemical shift resonances were calculated using weighted combination of chemical shifts given by the following equation.
⌬␦ weighted ϭ ͱ͓⌬␦ H 2 ϩ ͑0.154 ϫ ⌬␦ N ͒ 2 ͔ (Eq. 1)
The cutoff value used to determine statistically significant chemical shift differences (2 0 corr ) was calculated using an established method determined to result in less than 4.5% false positives when discriminating between interacting and noninteracting residues. All NMR experiments were performed in following buffer: 20 mM NaPO 4, 150 mM NaCl, 1 mM tris(2carboxyethyl) phosphine, 1% glycerol, 0.03% sodium azide, 5% deuterium oxide (pH 6.8). The protein concentration in all CSP experiments was 0.1 mM. 5% DMSO was added to all buffers used in CSP experiments to ensure solubility of small molecules. Isotherms were generated using the titration analysis tool in NMRViewJ.
Molecular docking/modeling
Docking experiments were performed using Autodock Vina. The NS1 ED from the A/Puerto Rico/8/1934/H1N1 (PR8) strain of influenza (PDB code 3RVC) and the A22 and A9 compounds were modeled in Autodock Tools (with six rotatable bonds Structural basis for influenza inhibitor each). The search space was defined as a 20 ϫ 20 ϫ 20 Å box centered on the CPSF30 binding site of the NS1 ED derived from PR8 (no residues were designated as flexible). The nine lowest energy solutions were then analyzed, and figures were generated in PyMOL using the lowest energy solution. Autodock Vina employs a strategy of initiating multiple runs starting from random ligand conformations. Free energy of binding calculations are performed using the intermolecular component of the lowest-scoring conformation as calculated via AutoDock Vina's scoring function (39) .
